Abstract : The mechanomyogram from a single motor unit and the induced mechanomyogram at various levels of recruitment were measured with an acceleration sensor. The transfer functions between motor unit action potential (or electrical stimulation) and the mechanomyogram were identified using the singular value decomposition method. The purpose of this study is to clarify how the model order of the transfer function depends on the recruitment level. The second-to tenth-order transfer functions were calculated, and the difference between the observed and the estimated mechanomyograms using the transfer function, the fitness, was calculated. The relationship between the model order and the fitness was tested using the Holm-Bonferroni multiple comparison. At low levels (single motor unit, 20, and 40%) of recruitment, there were significant differences between the fourth-and higher-order models, but there were no significant differences between the fifth-and higher-order models. In contrast, at high levels (60, 80, and 100%) of recruitment, the fourth-order model did not show significant differences between the fifth-or higher-order models. As a result, the fifthand fourth-order models were appropriate at low and high recruitment levels, respectively. The differences in the order might be caused by interactions between active and resting motor units.
Introduction
Muscle has not only contractile function, but also stiffness and viscous properties. These properties have previously been investigated using mechanical disturbances such as random perturbations [1] , [2] or ramp stretch [3] . Recently, a system identification method has been used that can estimate the transfer function between electrical stimulation and a mechanomyogram (MMG) [4] - [8] . Measurement of an MMG induced by electrical stimulation is easy and applicable to various muscles. Identifying the transfer function using an impulse response reduces the measurement time, and using the system identification method with singular value decomposition (SVD) provides good numerical performance and robust system stability. The order of the transfer function, however, depends on physical quantities such as displacement or acceleration [5] . In addition, the order also depends on the muscle architecture (parallel or pennate) [6] . For example, the transfer function between the electrical stimulation and the acceleration MMG of the tibialis anterior muscle was approximated with a sixth-order model, but that of the abductor pollicis brevis muscle was approximated with a fourth-order model. In these studies, the transfer function was identified using the MMGs induced by supramaximal electrical stimulation. On the other hand, the transfer function identified from an acceleration MMG of a single motor unit of the anconeus muscle was approximated with a fifth-order model [7] . The differences of the model orders suggest that the recruitment level could also have an effect on the model order, but this has not been verified.
The objective of this study was to clarify the model order at various recruitment levels. The MMG of a single motor unit and the induced MMGs at various recruitment levels were measured with an acceleration sensor. The MMG systems, the transfer function between the motor unit action potential (or stimulating pulse) and the MMG of second-to tenth-order models were identified using the singular value decomposition method. The estimated MMGs at various model orders were calculated. Then, the difference between the estimated and observed MMGs, the fitness, was calculated. The relationship between the model order and the fitness was tested using the Holm-Bonferroni multiple comparison to determine the appropriate model order at each recruitment level. The mechanism of the model order transition could be explained based on Hill's muscle model.
Methods

Participants
Six male volunteers aged 22 to 25 years participated in the experiment. None of the participants had histories of neuromuscular disorders. The right hand was dominant in all cases. Ethics committee approval was obtained and all participants gave informed consent according to the Declaration of Helsinki.
MMG of Single Motor Unit
The method of recording the MMG from a single motor unit was similar to that of the authors' previous study [7] , while the target muscle differed. Each participant sat on a chair, with his right hand in the horizontal plane. The participant's fingers (except the pollex) and the wrist were immobilized on experimental equipment with nylon belts (Fig. 1) . The participant JCMSI 0006/14/0706-0321 c 2014 SICE practiced weak abduction of the digitus minimus with single motor unit activation by viewing the motor unit action potential (EMG; electromyogram) displayed on the monitor until he could generate five to ten pulses per second. The EMG was recorded from the abductor digiti minimi muscle with disposable surface Ag-AgCl electrodes, Vitrode F-150S (Nihon Kohden, Tokyo, Japan). The electrodes have a diameter of 10 mm on the conductive gel pad. Electrodes were placed in a parallel line to the main orientation of the muscle fibers for bipolar recording. The distance between the electrodes was 30 mm. The EMG signal was amplified (500×) and filtered (10-1000 Hz) with an EMG amplifier, EMG-025 (Harada Electronics Industry, Sapporo, Hokkaido, Japan). The MMG was detected with an acceleration sensor, MP110-10-301 (Medisense, Saitama, Japan). The sensor was attached to the skin with double-sided adhesive tape. The measurement axis of the sensor was orthogonal to the skin. The MMG signal was amplified (200×) and filtered (1-250 Hz) with an MMG amplifier, MPS110 (Medisense). The MMG and EMG were sampled at 2000 Hz and stored on a computer. Figure 2 shows typical examples of the EMG and the MMG from a single motor unit. The top panel (a) shows the EMG. Four spikes were observed, although the EMG was noisy. The bottom panel (b) shows the MMG. It was difficult to extract the signal by visual inspection. Therefore, a spike-triggered averaging technique was used to extract the MMG signal.
EMG spikes from a single motor unit were extracted from the recorded EMG using a simple threshold method. The threshold value was determined by visual inspection. Spikes with an inter-spike interval of 100 to 200 ms were extracted from −5 to 5 ms around their peaks. For the first step in extracting the spikes from a single motor unit, the Pearson product-moment correlation coefficient between the two spikes was calculated. If the coefficient was equal to or greater than 0.9, which was determined empirically, these spikes were regarded as candidates that were derived from a single motor unit. The coefficients of all combinations of the two spikes were calculated, and several sets of the single motor unit spike sequence were obtained. The spike sequence containing the most spikes was chosen for further refinement. For the second step, the Euclidean distance between all combinations of two spikes was calculated. If the distance was less than the empirically determined threshold, these spikes were regarded as coming from a single motor unit. The spike sequence that contained the most spikes was chosen. The spike-triggered averaging technique was applied to the set of spikes and the corresponding MMG. The spike-triggered averaged MMG was chosen for subsequent analysis.
Induced MMG
Electrical stimulation (input) was applied to the ulnar nerve transcutaneously, and then an induced MMG signal (output) of the abductor digiti minimi muscle was measured. The experimental setup was similar to that for single motor unit recording. Stimulating electrodes were used instead of the recording electrodes. The ulnar nerve was stimulated with an electrical stimulator (SEN-3301, Nihon Kohden) and an isolator (S-104J, Nihon Kohden) through disposable Ag-AgCl surface electrodes (F-150S, Nihon Kohden) attached to the skin over the ulnar nerve. The cathode and anode were attached at the distal and proximal sides, respectively. The positions of the electrodes were adjusted to obtain the maximum amplitude of the MMG. The stimulation was a monopolar rectangular pulse 500 μs in width with an inter-pulse interval of 1 s. The rectangle pulse is regarded as an ideal impulse, and the MMG signal as an impulse response. The stimulation strength was adjusted to obtain 100, 80, 60, 40, and 20% of the peak-to-peak values at a supramaximal stimulus. The induced MMG was also measured with the acceleration sensor attached to the measurement point with adhesive tape. The MMG was recorded in the same way as the single motor unit, but the gain of the MMG amplifier was double the size because the induced MMG was much stronger than the MMG of a single motor unit. The induced MMGs were synchronously averaged. The averaged MMGs with durations of 0.1 s were used for the subsequent analysis.
Analysis
The analysis we employed was similar to that in the authors' previous studies [5] , [7] . Here, we briefly outline the method. We assumed a linear time-invariant system. The transfer function was calculated from the matrices of the state equation,
where u(k) is an input, y(k) is an output and x(k) is a state vector. The coefficient d is equal to g(0) where g(k) is the impulse response of the system. The matrices A, B, and C in Eq. (1) were calculated using the SVD method [9] , [10] . The transfer function G(z) was calculated as
In this study, the second-to tenth-order transfer functions were calculated. The estimated MMGs were calculated using the transfer functions. The difference between the estimated MMG and the observed MMG was evaluated by the fitness P,
Here, y(k) is the observed MMG,ŷ(k) is the estimated MMG, andȳ is the average of the observed MMG. Ifŷ(k) is identical to y(k), then P = 100%. Ifŷ(k) is identical toȳ, then P = 0%. The calculation was carried out using MATLAB R2012a (MathWorks, Natick, MA, USA).
The relationship between the model order and the fitness was tested using the Holm-Bonferroni multiple comparison to determine the appropriate order of the model at each recruitment level. There were 36 null hypotheses, based on the number of all combinations of model orders, i.e., two to ten. The significance level was 0.05.
We expected the model order at low recruitment level to be fifth and that at high recruitment level to be fourth because the MMG from the single motor unit was approximated with the fifth-order model [7] and the induced MMG from parallel muscle was with the fourth-order model [6] . The decrease of the model order as the recruitment level increased can be explained based on Hill's model.
As in the previous studies [5] - [7] , the natural frequencies of the transfer functions were calculated. The natural frequency reflects the stiffness. A two-way analysis of variance was applied to the natural frequencies to investigate the individual differences and recruitment dependence. The significance level was 0.05.
Results
The estimated MMGs of various order models were calculated to determine the appropriate model order at various recruitment levels. The difference between the estimated and observed MMGs was evaluated as the fitness, and the relationship between the model order and the fitness was investigated. Figure 3 shows the relationship between the model order and the fitness (mean and standard deviation of the six participants). The top left panel, a, shows the relationship of the MMG from a single motor unit. The fitness increased when the model order was less than sixth. The fitness of the fourth-order model showed a significant difference, denoted by the upper brackets, compared with the seventh-to tenth-order models. The fitness of the second-and third-order models also showed a significant difference compared with the higher-order models (the upper brackets are not shown for simplicity).
However, there were no significant differences between the fifth-order model and higher-order models. As a result, the fifth-order model is appropriate for the MMG system of a single motor unit, which agrees with our previous study of the anconeus muscle [7] . The top right panel, b, shows the relationship of the MMG at a recruitment level of 20%. The fitness of the fourth-order model showed a significant difference compared with the ninth-and tenth-order models. The middle left panel, c, shows the relationship at a recruitment level of 40%. There was still a significant difference between the fourth-and tenth-order models. The fifth-order model was also appropriate at these recruitment levels. The middle right panel, d, and bottom panels, e and f, show the relationships at recruitment levels of 60, 80, and 100%, respectively. There were no significant differences between the fourth-order model and the fifthor higher-order models but there were significant differences between the third-order model and the fourth-or higher-order models. As a result, the fourth-order model was appropriate at a high recruitment level. The appropriateness of a fourth-order model agrees with our previous study of the abductor pollicis brevis muscle [6] . As we expected, an MMG at a low recruitment level was approximated with the fifth-order model while that at a high recruitment level was approximated with the fourth-order model. The model order difference could be explained by Hill's model. Figure 4 shows Hill's model in an isometric contraction (the mass is negligible). The displacement, x(t), is
when the force generator generates force, f (t). Here, k p and k s are parallel and serial spring constants, respectively. The constant, d, is the coefficient of a resistant force proportional to the velocity. The transfer function between the force and the displacement is
This system is the first-order model. We assume that there could be non-negligible interactions in the muscle at a low recruitment level. In contrast, at a high recruitment level, the Table 1 . The appropriate model order at various recruitment levels for each participant almost agreed with the above, but the fifth-order model was appropriate for participants C and F at a recruitment level of 40%. This may be caused by individual differences.
The typical examples of the MMGs estimated with the appropriate models were shown in Fig. 5 . The top left panel, a, shows the MMG of a single motor unit. The solid and dotted lines denote the estimated and observed MMGs, respectively. The amplitude of the MMG from the single motor unit was much smaller than those of the induced MMGs shown in panels b to f; therefore, the unit of the ordinate is mm/s 2 . The estimated MMG approximated the observed MMG well while the amplitude of the MMG from single motor unit was smaller than those of the induced MMGs (panels b to f). The panels b, c, d, e, and f show the estimated MMGs in induced contraction at a recruitment level of 20, 40, 60, 80, and 100%, respectively. The amplitude of the MMG increased as the recruitment level increased. The MMGs at various recruitment levels were approximated well with the appropriate model.
The fourth, fifth, tenth, and eleventh columns of Table 1 represent the natural frequency ( f 1 and f 2 ). Both the fifth-and fourth-order models have two natural frequencies, which are shown in descending order for convenience. The natural frequency was several tens of Hertz. They reflect the mechanical properties of subcutaneous tissues [6] . The natural frequencies reflecting the muscle stiffness in the longitudinal direction were not obtained as in our previous report [6] on the abductor pollicis brevis muscle.
The differences in natural frequency among the participants were much larger than those among the recruitment levels. There were significant differences among the participants, but no significant differences among the recruitment levels. This means that the mechanical characteristics of the subcutaneous tissue of the abductor digiti minimi muscle did not reflect the recruitment level, while that of the tibialis anterior muscle [11] reflected the muscle activity at low activity during voluntary contraction.
The fifth-order model was factorized to two second-and one first-order models. The first-order model was characterized by its time constant. The sixth and twelfth columns of the Table 1 show the inverse of the time constant (k/d). The average and standard deviation of the inverse of the time constant was 18.4 ± 5.8 s −1 . The value showed a rather large fluctuation but was close to that in our previous study [6] of the abductor pollicis brevis muscle (13.2 ± 4.5 s −1 ). The value in our previous study was calculated from the second-order model identified with the displacement MMG using the supramaximal electrical stimulation. These results indicated that the ratio between stiffness and viscosity was obtained using the system identification technique at low recruitment level.
The ratio between the stiffness and viscosity, k/d, of the second-order model (mass-spring-damper model) was also calculated. The ratio calculated from the natural frequency f 1 was 1409 ± 439 s −1 (mean and SD of all participants and recruitment levels). The value was close to 1330 s −1 , which was calculated from the elasticity (stiffness) and viscosity of the skin of the ankle reported by Oka et al. [12] . This means that the natural frequency f 1 reflected the mechanical characteristics of the skin. The ratio calculated from the natural frequency f 2 was 386 ± 372 s −1 . The ratio was lower than that of the skin but higher than that reflecting the muscle stiffness in longitudinal direction. It might reflect the muscle mechanical properties in the lateral direction.
Discussion
In our previous report [5] , the transducer detecting acceleration or displacement affected the model order. In addition, the muscle fiber configuration, i.e., parallel or pennate muscle, also affected the model order [6] . In the case of a parallel muscle (abductor pollicis brevis muscle), the acceleration MMG induced with a supramaximal electrical stimulation was approximated with the fourth-order model. On the other hand, the MMG from a single motor unit of the anconeus muscle, which is small and flat, was approximated with the fifth-order model [7] . We expected that the recruitment level could affect the model order, although the muscle structure of the abductor pollicis brevis muscle is different from that of the anconeus muscle. In this study, the abductor digiti minimi muscle was chosen. The abductor digiti minimi muscle is a parallel fibered muscle and it is easy to record the MMG from a single motor unit during weak voluntary contraction and that induced by electrical stimulation to the ulnar nerve. The MMG from a single motor unit and the induced MMGs at various recruitment levels were measured. The MMG system at a low recruitment Table 1 Appropriate model order, undamped natural frequency, and inverse of time constant (stiffness to viscosity ratio). level, including single motor unit activation, was approximated with the fifth-order model, but that at high recruitment level was approximated with the fourth-order model, as we expected.
The difference in appropriate model order may be caused by the interaction between active and resting motor units. A motor unit, which consists of a single α-moto neuron and muscle fibers activated by the neuron, is the basic functional unit in muscle contraction. A muscle contains hundreds or more motor units. The motor units are increasingly recruited as the muscle force increases. In the case of induced contraction, nerves stimulated with a large current, which depolarize the membrane potential over the threshold potential, are activated. In other words, nerves that are close to the electrodes and have large diameters are easily activated with a low stimulus current. Some motor units are active but others are resting at a low recruitment level. We hypothesize that interactions between active and resting motor units, such as frictional force, could be relatively large compared with the force originating from the force generator and the spring elements at a low recruitment level. The frictional force, however, could be relatively small at a high recruitment level. Therefore the mechanism of muscle contraction could be approximated with a simple model involving a spring and a force generator, and the corresponding transfer function did not have any poles. At a low recruitment level, the stiffness to viscosity ratio, k/d, can be obtained as a pole of the transfer function even though the acceleration MMG is measured.
The Holm-Bonferroni multiple comparison test was used to determine the appropriate order of the model. This statistical test, however, differs in power depending on the number of samples: the statistical power increases as the number of samples increases. The MMG system of the single motor unit was the fifth-order model, but the fifth-order model might show significant differences compared with the higher order models as the number of participants increases. Other indices to determine the model order were the singular value and the fitness. The singular values relating to the signal are larger than those relating to the noise. In the case of the experimental data, however, the singular values in descending order decrease gradually and it is often difficult to determine the appropriate order. The fitness is a relative index and is not an absolute threshold. The fitness of the fourth-order model at 100% of the recruitment level was 72.5% but that of the third-order model was 49.2%. The fitness increased greatly from the third-to the fourth-order model. On the other hand, the fitness of the fifthorder model was 76.3%. The fitness increased slightly. These results showed that the fourth-order model was appropriate at 100% of the recruitment level. At low recruitment levels, however, it was difficult to determine the appropriate order from the fitness because there was not a steep increase in fitness. In the case of a single motor unit, the fitness of the fifth-order model was 72.8% and close to that of the fourth-order model at 100% of the recruitment level, even though the fitness is not an absolute threshold. The Holm-Bonferroni multiple comparison test was used to overcome the difficulty, but it might not be the best method of doing so.
The acceleration sensor has a drawback: the natural frequency corresponding to muscle contraction fluctuated more than that estimated using the displacement sensor [5] , or it could not be obtained at all in the case of the parallel fibered muscle [6] . However, it is lightweight, easy to set up and can detect a vibration perpendicular to the skin. In the case of the MMG from a single motor unit, transducers attached to the skin have been used. As contact type transducers, microphones [13] , piezoelectric sensors [14] , and acceleration sensors [15] have all been previously used. An acceleration sensor is the smallest and lightest sensor among them. This indicates that an acceleration sensor is suitable for measuring weak MMG signals.
Measuring acceleration MMG at a low recruitment level and the identification of the acceleration MMG system could be useful in evaluating muscle stiffness and viscosity. The acceleration MMG, however, was noisy at a low recruitment level. Therefore many induced MMG signals were triggered averaged at a low recruitment level. In this study, 80 signals were averaged at a recruitment level of 40% or lower, while 20 signals were averaged at 60% or higher. The 80 signals were measured as four sets of the 20 recorded signals. The total measurement time of the 80 signals was four times longer than that of the 20 signals but it was around 80 s and comparable to our previous report [5] .
The stiffness to viscosity ratio, k/d, is a key feature for the construction of a muscle model. Anatomical data such as mass, length, physiological cross-sectional area, and Young's modulus of a muscle are available in the literature. Therefore, we can estimate the viscoelastic characteristics of the muscle and the proposed technique will be a useful tool to estimate these characteristics. For example, we can use the method to evaluate spasticity or rigidity quantitatively following diseases such as stroke. We also expect the method to clarify the control mechanism of stiffness in human motion and its change due to aging.
In conclusion, the fifth-and fourth-order models were appropriate at a low and high recruitment level, respectively. The changes in model order could be explained by the interaction between active and non-active motor units based on Hill's model. At a low recruitment level, the stiffness to viscosity ratio, k/d, was obtained by a system identification technique applied to the induced MMG signal detected with an acceleration sensor.
